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Peptide ligand-induced dimerization of the extracellular region of the epidermal growth factor receptor 
(sEGFR) is central to the signal transduction of many cellular processes. A small molecule microarray screen 
has been developed to search for non-peptide compounds able to bind to sEGFR. We describe the discovery 
of nitro-benzoxadiazole (NBD) compounds that enhance tyrosine phosphorylation of EGFR and thereby 
trigger downstream signaling pathways and other receptor tyrosine kinases in cancer cells. The protein 
phosphorylation profile in cells exposed to NBD compounds is to some extent reminiscent of the profile 
induced by the cognate ligand. Experimental studies indicate that the small compounds bind to the 
dimerization domain of sEGFR, and generate stable dimers providing allosteric activation of the receptor. 
Moreover, receptor phosphorylation is associated with inhibition of PTP-1B phosphatase. Our data offer a 
promising paradigm for investigating new aspects of signal transduction mediated by EGFR in cancer cells 
exposed to electrophilic NBD compounds. 

The epidermal growth factor receptor (EGFR) is a membrane-spanning protein that governs major signaling 
pathways and therefore its overexpression and deregulation have a severe impact on cells, resulting in 
aggressive tumor growth 1 . The binding of natural peptide ligands to domains I and III of the extracellular 
region of EGFR (sEGFR) induces topological rearrangements, exposing the dimerization domain II of two 
monomers in a conformation favorable for them to associate and form functionally active homodimers or 
heterodimers with a similar ligand-less ErbB2 or peptide ligand-bound ErbB3 and ErbB4 2 ~ 6 . This specific 
ligand-induced dimerization is responsible for distinct allosteric changes in the cytoplasmic tyrosine kinase 
domain of EGFR, which lead to direct contacts between the C-lobe and N-lobe required to activate the 
ATP-binding site and create appropriate docking sites for the recruitment of various effector proteins 75 *. 
The phosphorylated EGFR induced by peptide ligands or cytoplasmic proteins undergoes endocytosis and 
further degradation in cells 10 . 

However, other investigations have shown that dimerization and/or activation of EGFR can also be promoted 
by non-ligand-bound mechanisms. For example, cytohesins have been demonstrated to behave as cytoplasmic 
activators of EGFR in human lung adenocarcinoma 11 . In addition, some point mutations located in the EGFR 
kinase domain activate auto-phosphorylation of the receptor 712 , and small molecules bound to the ATP-binding 
site can cause reversible dimerization of the kinase domain and affect TGF-oc-induced tyrosine phosphorylation 13 . 
Moreover, hydrogen peroxide induces EGFR phosphorylation 1416 as proven recently by sulfenylation of the ATP- 
binding site of the receptor 17 . 

As dimerization plays a key role in the phosphorylation of the receptor, the sEGFR dimerization interface is of 
huge potential interest for identifying new molecular interactions affecting receptor functions and for a better 
understanding of the complexity of its behavior in healthy and diseased cells. Small molecule microarrays have 
opened up a new way for rapid and high throughput screening of compound libraries against desired proteins 18 . 
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Both chemical and photochemical reactions have been applied to use 
reactive moieties in different compounds as a means of coupling to 
functionalized plane surfaces 19,20 . In this study, we have developed a 
new microarray screen to detect chemical compounds that bind to 
the dimerization domain of sEGFR. We have identified compounds 
enhancing tyrosine phosphorylation of the receptor in cancer cells. 
Our data indicate that compounds containing the nitro-benzoxadia- 
zole ring can bind to the dimerization domain and allosterically 
activate the receptor and thereby trigger downstream and lateral 
signal transduction. 

Results 

Screening compound library with small molecule microarrays. The 

strategy of searching for compounds that bind to the sEGFR dimeri- 
zation domain II and modulate EGFR tyrosine phosphorylation is 
shown in Fig. 1. First, it entails preparing planar microarrays, 
representing a structural diversity of 1,364 preselected potential 
pharmacophores (Diversity Set II library of the National Cancer 
Institute), by non-covalent immobilization of all compounds on a 
new formulated hydrogel support. This non-biased immobilization 
approach enabled us to avoid the chemical reactions usually required 
to couple the compounds of interest covalentiy to a functionalized 
surface, thus making all the moieties of the compounds being tested 
potentially accessible to a given protein target. Secondly, since 
protein- protein interaction surfaces, including the protruding dime- 
rization loop, are hidden in the tethered ligand-unbound conforma- 
tion of the monomeric form of EGFR 2 " 4 ' 21 , we took advantage of the 
domain organization of sEGFR to construct a shortened protein, 
thereby providing small molecule interactions with the whole 
surface of the dimerization domain II. Thirdly, we used near- 
infrared fluorescence detection to reduce the interference from auto- 
fluorescent signals emitted by heterocyclic rings of small molecules at 
visible wavelengths 22,23 . 

The human DNA region corresponding to domain II of sEGFR 
was sub-cloned from the ultimate ORF clone IOH62670 and over- 
expressed in E. coli cells (Supplementary Fig. 1). The resulting trun- 
cated protein DII/sEGFR formed exclusively inclusion bodies in the 
heterologous bacterial host. Therefore, the cell extracts were treated 
under conditions that prevent protein misfolding 24 . The purified 
domain ITspecific protein was then labeled with IRDye 800CW 
and probed to the Diversity Set II library on small molecule 
microarrays. 

20 compounds selected from the first screening were spotted in 
quadruplicate on the hydrogel support, and analyzed in a compet- 
itive assay between unlabeled DII/sEGFR and IRDye-labeled sEGFR 
proteins mixed in an 8 : 1 ratio in the binding buffer. This second 
screening was intended to help distinguish specific binding signals 
from false positives. A significant decrease in the fluorescent signals 
was detected for three compounds (see Fig. 1) suggesting that they 
might specifically bind to domain II of sEGFR. 

Identification of nitro-benzoxadiazole compounds enhancing 
tyrosine phosphorylation of EGFR. To explore the ability of the 
selected compounds to act as potential modulators (both activators 
and inhibitors) of EGFR activity, we examined the effect of each 
compound on total protein tyrosine phosphorylation in MDA 
MB468 breast cancer cells known to overexpress the receptor. Two 
compounds had no effect on protein tyrosine phosphorylation, 
whereas compound NSC 228155, 4-nitro-7-[(l-oxidopyridin-2- 
yl)sulfanyl]-2,l,3-benzoxadiazole (Fig. 2) significantly enhanced 
the phosphorylation of several proteins, and notably that of a large 
protein with a migration velocity close to that of EGFR as compared 
to EGF-treated cells (see Fig. 1). Immunoblotting analysis with anti- 
EGFR and anti-phospho-EGFR pTyrl068 antibodies confirmed that 
this protein was EGFR. 



Further immunoblotting studies demonstrated that tyrosine phos- 
phorylation of EGFR was clearly detectable after exposure of MDA 
MB468 cells to NSC 228155 for 5 minutes, and the rate of protein 
phosphorylation gradually increased with longer exposure times 
(Supplementary Fig. 2). Meanwhile, the total amount of the receptor 
(both non-phosphorylated and phosphorylated) decreased at 
60 min of exposure to NCS 228155 indicating that the phosphory- 
lated EGFR had undergone degradation and/or down-regulation, as 
was previously documented for the receptor in EGF-induced cells 10 . 

The effect of the compound was dose-dependent, judging by the 
enhanced phosphorylation of two EGFR tyrosine residues tested, 
Tyrl068 (Supplementary Fig. 3) and Tyrll73 (Supplementary Fig. 
4). The EC 50 value of the compound was evaluated as 52 uM with 
respect to the phosphorylated Tyrl068. 

The protein phosphorylation response to exogenous signals 
depends on the type of cancer 25 , so it was interesting to assess the 
effect of NSC 228155 on EGFR in another cancer. For this purpose, 
we used the NSCLC-N6-L16 cell line, obtained from a non-small cell 
lung cancer patient in our laboratory 26 , in which the expression level 
of the receptor was found to be more than 100-fold lower than in 
MDA MB468 cells. Compound NSC 228155 enhanced both total 
tyrosine phosphorylation and phosphorylation at Tyrl068 and 
Tyrl 173 residues of EGFR. However, the activation effect was lower, 
apparently because of less abundant receptors in the NSCLC-N6-L16 
cells (Supplementary Fig. 5). 

To understand better the way in which small compounds enhance 
tyrosine phosphorylation of EGFR in cancer cells, we were interested 
in studying other molecules sharing a structural similarity with NSC 
228155. Such a compound, CN 009543V, methyl 2-(acetylamino)-3- 
[(7-nitro-2,l,3-benzoxadiazol-4-yl)sulfanyl]propanoate (see Fig. 2) 
was identified in the French National Chemical Library and studied 
in parallel assays with NSC 228155. This new compound also 
enhanced tyrosine phosphorylation of EGFR in the treated MDA 
MB468 cells (even at higher extent than NSC 228155 at the same 
concentration), suggesting that the electrophilic structure of nitro- 
benzoxadiazole (NBD) could play an important role in the induction 
of EGFR phosphorylation. 

Kinase inhibitors prevent enhanced tyrosine phosphorylation of 
the receptor. Tyrosine kinase inhibitors AG1478 and PD 153035 are 
known to inhibit selectively the ATP-binding pocket of EGFR 
and not ErbB2 27,2s . To find out whether the enhanced tyrosine 
phosphorylation of EGFR caused by NBD compounds was related 
to activation of the receptor's kinase domain, the serum-starved cells 
were first incubated with 10 uM AG1478 or 2 uM PD 153035 for 
90 min, and then exposed to 100 uM NSC 228155 or CN 009543V 
for 15 min in the same medium. Western blotting analysis showed 
that the kinase inhibitors completely prevented both total tyrosine 
and Tyrl068 phosphorylation of EGFR (Fig. 3a). Similar inhibition 
was detected in the cells exposed to 150 ng/ml EGF used as a control. 
Hence, in the MDA MB468 cells exposed to NBD compounds, the 
ATP-binding site of EGFR adopts an appropriate active 
conformation required for receptor phosphorylation. 

NBD compounds trigger protein phosphorylation in EGFR down- 
stream signaling pathways. As mentioned above, the enhanced 
tyrosine phosphorylation of various molecular weight proteins was 
also observed in Western blots after longer exposure of cells to NBD 
compounds (see Fig. 1), suggesting activation of signaling pathways 
downstream of EGFR. To verify this assumption and to discriminate 
between signal transduction initiated by EGFR and other receptor 
tyrosine kinases, we compared the phosphorylation state of some key 
proteins in the same cell samples, pre-incubated or not with the 
EGFR-specific kinase inhibitor AG1478. 

It is known that activation of the MAPK signaling pathway occurs 
via auto-phosphorylation at EGFR Tyrl 173, which serves as a dock- 
ing site for the scaffold protein She in EGF-induced cells 25 . 
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Figure 1 | Schema of compound library screening with microarrays and identification of small molecules enhancing protein tyrosine phosphorylation 
of EGFR. The structure of the sEGFR is shown in a tethered conformation of four domains: I (yellow), II (green), III (gray) and IV (red). The histogram 
shows competitive assay data obtained for three selected compounds (for NSC 228155 - column 1). The signal monitored from binding of each molecule 
to sEGFR (gray column) was used as 100% to assess the binding efficiency to sEGFR in competition with DII/sEGFR (brown column). Protein tyrosine 
phosphorylation was assessed in MDA MB468 cells exposed to the compounds at 20 \iM final concentration for 60 min at 37°C. The proteins were 
analyzed with anti-pTyr P100 antibody. Lane 1: cells exposed to NSC 228155; lanes 2 and 3: cells exposed to two other selected compounds; lane 4: 
untreated cells; lane 5: cells treated with 150 ng/ml EGF for 10 min; MM: molecular mass markers, kDa. 



Incubation of MDA MB468 cells with NSC 228155 or CN 009543V 
clearly enhanced tyrosine phosphorylation of Tyr239/Tyr240 resi- 
dues in 70-kDa and especially in 55-kDa She proteins, and the rate of 
protein phosphorylation was comparable to that in cells exposed to 
EGF (Fig. 3b). However, pre-incubation with AG1478 completely 
prevented She phosphorylation in cells exposed to NBD compounds 
or to EGF. Similarly, compounds NSC 228155 and CN 009543V 



induced phosphorylation at Thr202/Tyr204 of 42-kDa ERK1 and 
44-kDa ERK2 proteins as did EGF in treated cells (see Fig. 3B) con- 
firming data obtained in another assay (see Supplementary Fig. 4). 
The inhibitory action of AG 1478 toward ERK1/2 phosphorylation 
was relatively low in cells exposed to small compounds or EGF. These 
data indicated that NBD compounds induce the MAPK pathway in 
MDA MB468 cells. 
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Compound NSC 228155 

4-nitro-7-[( 1 -oxidopyridin-2-yl)sulfanyl]-2, 1 ,3-benzoxadiazole 
Molecular weight 290.25 g/mol 
logP= 1.58 




Compound CN 009543V 

methyl 2-(acetylamino)-3-[(7-nitro-2, 1 ,3-benzoxadiazol-4-yl)sulfanyl]propanoate 
Molecular weight 340.31 g/mol 
logP = 0.49 

Figure 2 | Structure of NBD compounds NSC 228155 and CN 009543V. Compound CN 009543V was identified with a Tanimoto similarity coefficient 
> 0.75 using 2,1,3-benzoxadiazole sub-structure NSC 228155 for searching. Values of cLogP were calculated with free module Marvin Sketch 5.4.1.1 
(www.chemaxon.com). 



A 90-kDa c-CBL was weakly phosphorylated at Tyr774 in cells 
exposed to NBD compounds, and a similar low level of phosphor- 
ylation of this protein was detected in the EGF-exposed cells (see 
Fig. 3b). In all cases, this phosphorylation was blocked by AG1478. 
Although weak, small compound-induced post-translational modi- 
fication of the adaptor protein c-CBL, involved in the ubiquitination/ 
degradation pathway 29,30 , is in agreement with the degradation of 
EGFR after longer treatment of the cells with NSC 228155 (see 
Supplementary Fig. 2). 

Tyrosine phosphorylation was also weakly enhanced at Tyr627 of 
a 60-kDa Gabl in cells exposed to NSC 228155 or CN 009543V 
compared to a higher phosphorylation rate of the protein in cells 
exposed to EGF (see Fig. 3b). Again, in all three cases, AG1478 
prevented Tyr627 phosphorylation of Gabl, the protein involved 
in binding to and activation of the tyrosine phosphatase SHP2 31 , 
which directly associates with EGFR through its SH2 domain 32 . 

Compound NSC 228155 promotes transactivation of other RTKs. 

External signals recognized by EGFR can be transduced to other 
RTKs by transactivation. To assess tyrosine phosphorylation of diffe- 
rent RTKs in cancer cells exposed to NBD compounds, we turned to 
antibody arrays as a more sensitive method than Western blotting. 

Significant tyrosine phosphorylation was recorded for EGFR, and 
a relatively lower response was recorded for Insulin R and anti- 
EphAl receptors in the MDA MB468 cells exposed to NSC 228155 
for 5 min (Fig. 4a and 4c). The phosphorylation rate of these proteins 
increased after a 10-min exposure. Moreover, five other RTKs, 



namely ErbB2, ErbB3, IGF-I R, Mer and ROR1, were phosphorylated 
at this point, suggesting that signal transduction induced by NSC 
228155 was distributed among other RTKs. It is worth noting that, 
except for ROR1, the other RTKs were also illuminated in cells 
exposed to EGF for 10 min (Fig. 4b and 4c). However, although 
the tyrosine phosphorylation response of EGFR to its natural ligand 
was at the same level as to NSC 228155, the response to EGF was 
clearly weaker from other RTKs as compared to the action of small 
compounds under the conditions used. 

Thus, the protein phosphorylation profile of the downstream sig- 
naling cascade induced by NS C228 1 55 or CN 009543V as well as the 
phosphorylation profile of RTKs induced by NSC 228155 in breast 
cancer cells are to some extent reminiscent of the profiles induced by 
the cognate ligand EGF suggesting that the NBD compounds behave 
as allosteric activators at EGFR. 

Anti-EGFR neutralizing antibody prevents tyrosine phosphory- 
lation by NBD compounds. Peptide ligand-induced dimerization is 
considered a canonical process required for allosteric modification 
and catalytic activation of the receptor 33 . Therefore, blocking ligand- 
recognition sites in sEGFR domains I and III with neutralizing 
antibodies interrupts the dimerization process and inhibits the 
kinase activity of the receptor. 

We compared the action of a neutralizing anti-EGFR antibody 
LAI on the receptor tyrosine phosphorylation in MDA MB468 cells 
exposed to NBD compounds and to EGF. The serum-starved cells 
were incubated with antibody for 90 min, and then exposed to NSC 
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Figure 3 | EGFR tyrosine kinase inhibitors prevent tyrosine phosphorylation of the receptor (a) and protein phosphorylation in downstream signaling 
pathways (b) in cancer cells exposed to compounds NSC 228155 or CN 009543V. MDA MB468 cells serum-starved overnight were pre-incubated (or 
not) with 10 uM AG1478 or 2 uM PD 153035 for 90 min and then, where indicated, incubated with 100 uM NSC 228155 or CN 009543V or 150 ng/ml 
EGF or vehicle (0.2% DMSO) for 15 min. Proteins were blotted to nitrocellulose membrane and analyzed with biotinylated anti-pTyr P100, anti-pEGFR 
Y1068 and anti-EGFR (epitope in cytoplasmic region) antibodies. The phospho-specific antibodies were anti-phospho-Shc (Tyr239/240), anti-phospho- 
p44/42 MAPK (ERK1/2) (Thr202/Tyr204), anti-phospho-c-CBL (Tyr774), and anti-Gabl (Tyr627). The signal intensity of the a-tubulin band was 
quantitatively evaluated and used as the loading control of protein samples. 



228 1 55 or CN 009543V or EGF for 1 5 min in the same medium. Pre- 
incubation of the cells with the neutralizing antibody significantly, 
but not completely, decreased total tyrosine phosphorylation and 
Tyrl068 phosphorylation of EGFR in cells exposed to NBD com- 
pounds whereas the antibody completely abolished tyrosine phos- 
phorylation of the receptor in cells exposed to EGF (Fig. 5). The 
strong inhibition of tyrosine phosphorylation by the neutralizing 
antibody indicated that the induction mechanism of EGFR by 
NBD compounds involves the dimerization process of the extracel- 
lular region of the receptor. 

Induced tyrosine phosphorylation of EGFR is associated with inhi- 
bition of protein tyrosine phosphatase. Activation of EGFR in cells 
exposed to NBD compounds could alternatively originate from 
inhibition of protein tyrosine phosphatases, which exhibit large 
substrate specificity. In particular, PTP-1B, known to dephosphory- 
late EGFR 34,35 , is inhibited by extracellular hydrogen peroxide 
generated at EGF interaction with the extracellular region of the 
receptor 36,37 . 

We measured PTP-1B activity in cell extracts of MDA MB468 cells 
after buffer exchange of a soluble protein fraction with tyrosine 
phosphatase assay buffer (see Methods), which provided a better 
performance than desalting of the samples to be analyzed. It was 



found that the activity of PTP-1B decreased in the cells exposed to 
NSC 229155 and CN 009543V by almost 29% and 62%, respectively, 
as compared to the cells incubated with a vehicle (Fig. 6a, left). Lower 
activity of PTP-1B was also detected in the cells induced by EGF in 
agreement with other observations 37 . 

To find out whether this inhibition was associated with the activa- 
tion of EGFR by NBD compounds, the enzyme assays were carried 
out with cells pre-incubated with PD 153035. At2 |iM concentration 
of the kinase inhibitor, the activity of PTP-1B in cells treated with 
NSC 228155 or CN 009543V remarkably increased, close to levels 
observed for cells incubated with a vehicle (Fig. 6a, right). Similarly, 
an increase in the protein tyrosine phosphatase activity was detected 
in EGF-induced cells. Meanwhile, no phosphorylation of EGFR at 
Tyrl068 was observed in cells pre-incubated with PD 153035 and 
then treated with NBD compounds or EGF (Fig. 6c). Hence, aboli- 
tion of the kinase activity of EGFR by a specific tyrosine kinase 
inhibitor prevented the inhibitory effect of PTP-1B to dephosphor- 
ylate tyrosine residues of the receptor in the cells exposed to NBD 
compounds or to the cognate ligand. 

We also measured total phosphatase activity in the buffer- 
exchanged extracts of MDA MB468 cells. No diminution of the 
activity was detected in the cells treated with EGF or NSC 228155, 
whereas the level ofp-nitrophenol formed in the cells exposed to CN 
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Figure 4 | Time-dependent activation of RTKs in MDA MB468 cells exposed to NSC 228 1 55 (a, c) and comparison of protein tyrosine phosphorylation 
in cells exposed to NSC 228155 versus EGF for 10 min (b, c). Tyrosine phosphorylation levels of RTKs were assessed after 5-min and 10-min exposure to 
100 uM NSC 228155 or 10-min exposure to 150 ng/ml EGF. Histograms show the arbitrary level of protein tyrosine phosphorylation determined in 
NCS 228155 (white column) and EGF (gray column) treated cells. The rate of tyrosine phosphorylated RTKs was quantified by normalization with 
control spots according to the manufacturer's protocol (R8tD Systems). 



009543V was almost 30% lower compared to the cells treated with a 
vehicle (Fig. 6b, left). Pre-incubation with PD 153035 increased 
weakly total phosphatase activity in the cells exposed to CN 
009543V suggesting that the latter also inhibits or inactivates another 
major phosphatase(s) that might participate in protein tyrosine 
dephosphorylation (Fig. 6b, right). 

Thus, this data showed that tyrosine auto-phosphorylation of 
EGFR at Tyrl068 is mainly associated with inhibition of PTP-1B 
tyrosine phosphatase in cancer cells exposed to NBD compounds. 

Compound NSC 228155 stimulates dimerization of sEGFR 
domain II. To gain further insight into the mechanism(s) of the 
enhanced phosphorylation of EGFR, we sought to determine 
whether dimeric forms of the receptor could be detected in cells 
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Figure 5 | The neutralizing antibody LAI in cancer cells prevents NBD 
compound-promoted EGFR tyrosine phosphorylation. MDA MB468 
cells serum-starved overnight were pre-incubated (or not) with 50 uM 
anti-EGFR mAb LAI for 90 min and then, where indicated, treated with 
100 uM NSC 228155 or CN 009543V or 150 ng/ml EGF for 15 min. 



lysed under soft conditions to prevent disruption of fragile protein 
complexes. Aliquots of extract samples used in tyrosine phosphatase 
assays were separated by SDS-PAGE, and analyzed by Western blot. 
Thin and accurate bands corresponding to dimeric forms of a full- 
length protein were detected in the cells pre-incubated with a vehicle 
or PD 153035, and then exposed to NSC 228155 or CN 009543V 
(Fig. 6c). Weak fluorescent bands of dimers could also be detected for 
the phosphorylated receptor in the cells pre-incubated with PD 
153035, and then incubated with NBD compounds. On the 
contrary, dimers of EGFR were practically undetectable in EGF- 
induced cells. It is worth noting that dimeric forms of the receptor 
were detected only in protein extracts obtained with a moderate- 
strength IP lysis buffer and not with a high-strength PJPA lysis 
buffer. Hence, NBD compounds bind to EGFR by forming more 
stable dimers than those induced by EGF. 

Next, to extend our findings with cells, we incubated the purified 
domain Il-specific protein DII/sEGFR with NSC 228155 at different 
molar ratios in non-reducing conditions, and analyzed the reaction 
products by gel electrophoresis. As the truncated protein did not 
enter the non-denaturing gel, the migration was performed under 
denaturation conditions in the presence of 0.1% SDS and (3- 
mercaptoethanol. 

A small pool of spontaneously-formed stable dimers of DII/ 
sEGFR, estimated at around 0.5% of the total monomer/dimer pro- 
tein forms, was detected by Western blotting (Fig. 7a). It is worth 
mentioning that full-length EGFR dimers can be formed sponta- 
neously, in the absence of peptide ligands, due to dynamic asso- 
ciation and dissociation of monomers in the cells 38-41 . However, 
addition of NSC 228155 clearly increased the yield of stable dimers, 
by almost three times at a 16-fold molar excess of the small com- 
pound over the protein in the reaction mixture (Fig. 7b). 
Surprisingly, no appreciable effect was detected when NSC 228155 
was incubated with the dimerization domain II of ErbB2, suggesting 
that NBD compound binding is provided by distinct amino acids 
(Fig. 7c). 



SCIENTIFIC REPORTS | 4 : 3977 | DOI: 1 0. 1 038/srep03977 



6 



a 




Pre-incubation with PD 153035 



600 
500 
400 
300 
200 
100 
0 



120 
100 

80 

60 

40 1 

20 
0 



Preincubation with vehicle 



120 

100 H | — 

80 ] 

60 J 

40 ] 

20 - 

0 - 



Pre-incubation with PD153035 



Pre-incubation with 
PD153035 



DMSO + 
EGF 
NSC 228155 
CN 009543V - 
1 



7 8 kDa 



- s 



250 



150 




Dimer - 
EGFR 
Monomer - 

Dimer - 
pEGFR 
Y1068 
Monomer - 

Figure 6 | Inhibition of PTP-1B phosphatase is associated with tyrosine auto-phosphorylation of EGFR in cancer cells exposed to NBD-compounds. 

Histograms of PTP-1B (a) and total phosphatase (b) activities, and images of monomeric and dimeric forms of EGFR detected with Western blot (c). 
MDA MB468 cells were pre-incubated with a vehicle (0,2% DMSO) or 2 uM PD 1 53035 for 2 h, and then incubated with a vehicle or 500 ng/ml EGF or 
100 uM of each of NSC 228155 or CN 009543V for 15 min at 37°C Buffer-exchanged extracts were used for assays. Protein tyrosine phosphatase activity 
was measured by dephosphorylation of phosphopeptide substrate. Total phosphatase activity was measured by hydrolysis of para-nitrophenyl phosphate 
(pNPP), and expressed in % of the enzyme activity in extracts of the cells incubated with a vehicle (taken as 100%). Levels of PTP-1B and total phosphatase 
activities were normalized to total protein concentration in the extracts to be assayed. Detection of EGFR was carried out with anti-EGFR antibody 
recognizing the cytoplasmic domain ((c), upper image) and anti-pEGFR Y1068 antibody ((c), lower image). Electrophoretic migration of proteins was 
carried out in different gels; it was longer for Western blotting with anti-pEGFR Y1068 antibody. 



These results indicated that NBD compounds bind to EGFR, and 
most probably to domain II of the extracellular region, leading to an 
increase in a dimeric form of the protein stable to denaturation 
during electrophoretic migration. 

Discussion 

The cognate ligand EGF binds to sEGFR at the site shared between 
domain I and domain III in the close (monomer) conformation of 
the receptor. This binding leads to fundamental structural changes 



by positioning two protruding dimerization loops asymmetrically 
face to face in two opposing monomers of the open (dimer) con- 
formation 33 . In this respect, by analogy with activating modulators of 
seven transmembrane receptors (for a review, see 42 ), these peptide 
ligands behave as natural orthosteric agonists of EGFR to trigger 
signaling pathways. Our data shed light on non-peptide nitro-ben- 
zoxadiazole-ring carrying compounds, some derivatives of which 
have been used in bio-conjugational applications 43 , as possible can- 
didates for small allosteric agonists of EGFR, which activate tyrosine 
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Figure 7 | Compound NSC 228155 stimulates in vitro dimerization of sEGFR domain II and not that of sErbB2. The binding reaction was carried out in 
the absence of P-mercaptoethanol. Detection of dimeric proteins by Western blotting was carried out using anti-His primary antibody and DyLight 
800-labeled secondary antibody (a). The curve shows the percentage of dimers in a total pool of monomeric and dimeric forms of DII/sEGFR detected at 
different protein-to-compound ratios (b). Sequence alignment between domain II of sEGFR and sErbB2 (c). 



phosphorylation of the receptor and trigger downstream and lateral 
signaling in cancer cells. 

Consistent with this proposal, compounds NSC 228155 and CN 
009543V enhance tyrosine auto-phosphorylation at Tyrl068 and 
Tyrll73 leading to the activation of the MAPK/ERK cascade by 
involving ERK1/2, She, and to a lesser extent Gabl. Such an action 
of small activators is reminiscent of that of cognate ligands 44 . In 
addition, phosphorylation of c-CBL in cells treated by NBD com- 
pounds results in the activation of the ubiquitination/degradation 
cascade in a way similar to EGF 2930 . Lastly, NSC 228155 promotes 
transactivation of several RTKs, including ErbB2 and ErbB3, Insulin 
R and IGF-1 R receptors in the cells, which can be explained by their 
heterodimerization with EGFR as shown in EGF-induced cells 45,46 . 

To put these observations into the context of the sEGFR dimeriza- 
tion mechanism, we postulated that the NBD compounds bind to the 



extracellular region and affect the dimerization process. First, com- 
pound NSC 228155 was selected by probing to a truncated protein 
having only domain II of sEGFR. Secondly, blockage of the orthos- 
teric site by neutralizing antibody remarkably prevented tyrosine 
phosphorylation of the receptor in cancer cells exposed to NBD 
compounds. Thirdly, the kinase inhibitor PD 153035 prevented 
tyrosine auto-phosphorylation of EGFR, but not the formation of 
full-length dimers of the receptor in the cells exposed to NBD 
compounds. Fourthly, incubation of the purified domain II of 
sEGFR with NSC 228155 generated dimeric forms of the protein 
apparently stable to denaturation by SDS. These results show that 
NBD compounds could bind to an allosteric site(s) located on the 
extracellular region of EGFR, and stimulate the formation of dimers 
as a prerequisite for further allosteric activation of the catalytic site in 
the cytoplasmic domain. 
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However, the overall amount of EGFR auto-phosphorylation in 
the cell is governed by both protein kinase and phosphatase activities, 
and this can be modulated by intracellular hydrogen peroxide via 
different mechanisms 47 . Generation of exogenous H 2 0 2 has also 
been demonstrated by the binding of EGF to the extracellular region 
of the receptor by an as yet unknown mechanism 36 . Exogenous H 2 0 2 
appears to enter the cells through membrane aquaporin channels 48 , 
where it inhibits the receptor-associated protein tyrosine phospha- 
tases, including PTP-1B 37 , and thereby shifts the balance between 
kinase and phosphatase activities toward phosphorylation of 
EGFR. Recently, it has been shown that both intracellular and extra- 
cellular H 2 0 2 sulfenylate Cys797 at the active site of EGFR leading to 
an increase in the receptor auto-phosphorylation 17 . Sulfenylation has 
also been detected in signaling phosphatases, including PTP-1B 17 , all 
containing reactive cysteine in a catalytic site 49 . 

Our findings that both NSC 228155 and CN 009543V inhibit the 
activity of PTP-1B in cells, which is associated with enhancing tyr- 
osine phosphorylation of EGFR, prompt us to suggest, by analogy 
with the paradigm of cognate ligand-EGFR interactions, that another 
mechanism is also involved in the activation of the receptor by NBD 
compounds. Indeed, the fact that tyrosine kinase inhibitor PD 
153035 prevents auto-phosphorylation of EGFR, while removing 
the inhibitory effect of NBD compounds on the activity of PTP-1B, 
reflects the inaccessibility of Cys797 in the bound catalytic site to 
H 2 0 2 generated by these compounds, rather than inactivation of the 
phosphatase by H 2 0 2 , or both. Recent toxicological studies of a 
patented anticancer compound, 7-nitro-4-(phenylthio)benzofura- 
zan 50 , support this possibility. The reduction of the 7-nitro to a 7- 
amine in its NBD-ring rapidly generates hydrogen peroxide and 
superoxide in the presence of molecular oxygen, and the formed 
reactive intermediates with electrophilic scavenging activity react 
with cellular structures. 

Elucidation of electrophilic NBD compound interactions with 
proteins, resulting in various cellular responses, is at an emerging 
stage. NBD-ring carrying derivatives have been shown to target the 
active site of glutathione S-transferase (GST) and affect apoptosis 
through dissociation of the JNK-GSTP1-1 complex 51 . In the resolved 
GST/glutathione/NBD-hexanol structure, the NBD compound 
covalently attaches to the GST sulfur, forming a rj-complex 52 . The 
extracellular region of EGFR contains a large number of cysteine 
residues involved in intra- and inter- molecular interactions, which 
are potentially good targets for reactive molecules in a reducing 
environment. In particular, nitric oxide reversibly inhibits the tyro- 
sine activity of EGFR by S-nitrosylation 53 and, as shown recently, by 
targeting Cys267, Cys287, and Cys446 all located in sEGFR 54 . 
However, in vitro stimulation of dimeric forms of the truncated 
protein DII/sEGFR, and not DII/sErbB2 (both harbor 20 cysteines 
at the same positions, see Fig. 7c), in a non-reducing environment, 
suggests that other nucleophilic amino acids might be involved in the 
binding to the reactive intermediates of NBD compounds. To define 
the chemical basis of the NBD-ring binding to sEGFR and to under- 
stand better the activation of the receptor by dimerization-mediated 
allosteric and secondary messenger H 2 0 2 -mediated mechanisms 
requires further investigation. 

Despite the similar behavior of EGFR after induction by NBD 
compounds and EGF, our results also show differences between their 
actions. Peptide ligands at nanomolar concentrations induce EGFR 
rapidly, and a delicate balance of ligand-protein interactions accur- 
ately governs signal transduction and gene expression in cells 55 . On 
the contrary, NBD compounds at higher concentrations induce 
EGFR relatively slowly, and provoke overphosphorylation of the 
receptor, and especially of Ephl and Mer in MDA MB468 cells. 
Moreover, the enhanced tyrosine phosphorylation of ROR1 (recep- 
tor tyrosine kinase orphan receptor 1) was detected only after treat- 
ment with compound NSC 228155 and not with EGF. Expression of 
this protein, considered a pseudokinase 56 , is associated with the 



aggressive growth of tumor cells in breast cancer 57 . Therefore, further 
understanding the small molecule action on ROR1 phosphorylation 
becomes an intriguing task. We also noted that neutralizing antibody 
does not completely prevent tyrosine phosphorylation of EGFR in 
cells exposed to NBD compounds. Given the nuclear location of 
EGFR 58 , this escape from the antibody means that the lipophilic small 
molecules (see Fig. 2) rapidly cross the hydrophobic barrier of the 
cytoplasm membrane, and so bind the repressor of the nuclear com- 
partment as well. These differences show that NBD compounds 
cause aberrant protein phosphorylation in exposed cells. 

This study highlights the vulnerability of the extracellular region of 
EGFR in the perception of external signals by binding of small elec- 
trophilic molecules that leads to enhanced modulation of the recep- 
tor activity in cancer cells. Our data indicate that NBD compounds, 
currently used as bio-conjugation agents, are of great interest for 
human health both to understand as yet unknown aspects of tumor 
development and progression, and to devise alternative therapeutic 
strategies targeting EGFR and related signaling proteins in diseased 
cells. 

Methods 

Recombinant DNA constructions. The ultimate ORF clone IOH62670 coding 
EGFR (Invitrogen) and TrueORF coding ErbB2 (OriGene Technologies, Inc.) were 
used as templates to amplify DNA corresponding to domain II of the extracellular 
region of EGFR and ErbB2, respectively, using the Gateway recombination system 
purchased from Invitrogen (see Supplementary Fig. 1). Other DNA manipulations 
were performed as described previously 22 . 

Protein purification. The plasmids carrying domain II of sEGFR or sErbB2 fused 
with the N-terminal His-tag were transformed into the E. coli BL21 AI strain to 
provide protein overexpression. Truncated proteins DII/sEGFR and DII/sErbB2 
formed exclusively inclusion bodies in this bacterial host. Among different 
approaches tested to solubilize these proteins, the most appropriate conditions were 
found to incubate inclusion bodies with N-lauroylsarkosine as described by other 
authors 24 . The His-tagged proteins were purified by affinity chromatography on a 
Ni ++ -NTA resin as recommended (QIAexpressionist, Qiagen), but using imidazole 
and N-lauroylsarcosine for protein elution. The concentration and the purity of 
domain-specific proteins were determined by a capillary electrophoresis system 
(Agilent Technologies). 

Cell lysate preparation. MDA MB468 and NSCLC-N6-L16 cells were grown in 
DMEM and RPMI 1640 media, respectively, with 10% fetal bovine serum (FBS), and 
then starved of FBS for 24 h at 37 J C in a humidified atmosphere of 5% C0 2 in air. For 
sub-culturing, the cells were rinsed twice in PBS and detached using a trypsin-EDTA 
solution (0.25%/0.05% v/v in HBSS) and then approximately 1 X 10 s cells were 
incubated in 6-well culture plates. Cancer cells were treated with anti-EGFR 
neutralizing antibody LAI (Millipore-Upstate), tyrosine kinase inhibitors AG1478 or 
PD 153035 (Merck-Calbiochem), EGF (R&D Systems) or NBD compounds at 37 3 C 
for various times as indicated in corresponding experiments. The cells were lysed with 
RIPA buffer in the presence of protease and phosphatase inhibitors (Pierce), and the 
cell-free supernatant was collected by centrifugation for further studies. Proteins were 
also extracted from cells with a moderate-strength lysis buffer for enzyme assays (see 
below). Total protein concentration was determined by the bicinchoninic acid assay 
(Thermo Scientific) under conditions ensuring sample component compatibility. 

Small molecule microarrays. 1,364 compounds of the Diversity Set II library 
provided by the Drug Synthesis and Chemistry Branch of NCI (http://dtp.nci.nih. 
gov) were spotted from 10-uM dilutions in DMSO onto a hydrogel support developed 
by ProtNeteomix (http://www.protneteomix.com) with a GMS 417 contacting 
arrayer (Affymetrix, USA) or a 32-needle manual replicator (VP Scientific, USA). The 
proteins were conjugated to IRDye 800CW (Li-COR Biosciences, USA) and purified 
from free dye as described previously 59 . Small molecule microarrays were incubated 
with protein probes at 4 °C for 90 min and then rinsed with PBS. Scanning of 
microarrays was carried out at 21-u pixel density and 800-nm absorbance with the 
Odyssey infrared imagery system (Li-COR Biosciences, USA), and the signal intensity 
was monitored with GenePix Pro 4.0 software (http://www.moleculardevices.com). 
In competition assays, the IRDye-labeled sEGFR (the recombinant protein rhEGFR 
purchased from R8tD Systems) and unlabeled protein DII/sEGFR corresponding to 
domain II of sEGFR were mixed in a 1 : 8 ratio and incubated at 4°C for 90 min. The 
ratio of the fluorescent signal from spots to background signal intensity was used to 
assess the binding of small compounds to the protein probes. A fluorescent signal 
greater than 2 was accepted as a significant level of binding efficiency between spotted 
compound and a labeled protein. Other details of the data analysis on microarrays 
have been described previously 59 . 

Western blotting. Proteins were separated on an SDS-polyacrylamide gel and 
transferred to a nitrocellulose membrane with a Turbo system (Bio-Rad). Antibodies 
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used for immunoblotting were anti-pEGFR Y1068, anti-pEGFR Y1173 and anti- 
EGFR (cytoplasmic region) (purchased from Thermo Scientific), anti-pTyr 100 (total 
phosphorylated tyrosine), anti-phospho-Shc, anti-phospho-p44/42 MAPK, anti- 
phospho-c-CBL, and anti-Gabl (purchased from Cell Signaling). Non- 
phosphorylated EGFR and proteins specifically phosphorylated at given amino acids 
were first captured with primary antibody and then detected with fluorescent goat 
anti-mouse anti-IgG secondary antibody conjugated to AlexaFluor-680 (Invitrogen). 
Detection of total tyrosine phosphorylated proteins was carried out by capturing with 
the biotinylated anti-pTyr 100 antibody and then with Neutravidin-DyLight 800 
(Thermo Scientific). Human anti-a-tubulin (Sigma Aldrich) was used as a loading 
control for fluorescence immunoblotting analysis. Fluorescent signals of protein 
bands were recorded at 700 and 800 nm with an Odyssey infrared imagery system. 
Phosphorylation of ERK1/2 (Thr202/Tyr204) and EGFR (Tyrll73) was also 
evaluated by chemiluminescence, and, in this case, anti-ERK2 antibody was used to 
monitor gel loading as described previously 60 . To assess the signal intensity of protein 
bands, values of p < 0.05 were considered statistically significant. 

Antibody arrays. Profiling of tyrosine phosphorylation of 42 RTKs was performed 
with a human phospho-RTK array kit (R&D Systems). MDA MB468 cells were 
treated with NSC 228 1 55 or EGF, and cell lysates (400 jig of total protein) were loaded 
on antibody arrays and incubated overnight at 4°C. Phosphorylated proteins 
captured by the corresponding antibodies were detected with a pan anti-phospho- 
tyrosine antibody conjugated to horseradish peroxidase by chemiluminescence as 
described by the manufacturer. Phosphorylation levels of proteins were estimated by 
quantifying the mean pixel densities from spots using the image analysis software 
GenePix Pro 4.0. For each spot, local background was subtracted from pixel density 
and normalized by the ratio of treated/non treated samples obtained for controls. The 
pixel density of negative controls was subtracted from the average normalized pixel 
density of duplicate spots and used to generate histogram profiles of phosphorylated 
RTKs. 

Protein tyrosine phosphatase assay. The activity of PTP-1B was evaluated with a 
PTP assay kit 1 (Millipore- Up state). MDA MB468 cells were serum-starved 
overnight, and pre-incubated with a vehicle (DMSO 0.2%) or with EGFR kinase 
inhibitor PD103035 (2 uM) for 2 h. Cells (2 X 10 6 ) were washed twice with PBS, and 
treated with a vehicle or with NBD compounds NSC 228155 or CN 009543V (each 
100 uM) or EGF (250 ng/ml)forl5 min at 37°C, The cultures were washed with cold 
TBS and rapidly lysed with Pierce® IP lysis buffer (25 mM Tris-HCl pH 7.4, 150 mM 
NaCl, 1% Nonidet P-40, 1 mM EDTA, 5% glycerol) in the presence of a protease 
inhibitor cocktail (Sigma Aldrich), and then centrifuged at 13,000 g for 15 minutes at 
4°C. A portion of the recovered supernatant was submitted to the exchange with 
tyrosine assay buffer (25 mM HEPES, pH 7.2, 50 mM NaCl, 5 mM dithiothreitol, 
2.5 mM EDTA) on Zeba columns, 7K (Thermo Scientific) to assess protein 
dephosphorylation. Another portion of the supernatant, after addition of 
phosphatase inhibitor cocktails I and II (Sigma Aldrich), was used to assess tyrosine 
phosphorylation of EGFR with anti-pEGFR Y1068 antibody by Western blot. 
Tyrosine phosphatase activity of PTP-1B was quantified using the phosphopeptide 
substrate RRLIEDAEpYAARG by adding 10 mM dithiothreitol (15 mM in total) to 
the assay buffer and performing the reaction at 37°C for 45 min. The reaction was 
stopped by addition of malachite green solution and the absorbance was measured at 
630 nm. Total phosphatase activity was also evaluated by pNPP hydrolysis in tyrosine 
assay buffer and measuring the absorbance at 405 nm. The performance of hydrolysis 
was checked with a purified X phosphatase (Santa Cruz Biotechnology). Arbitrary 
activities of PTP-1B and total phosphatases hydrolyzing pNPP were normalized to 
total protein concentrations in the extracts to be assayed. 

Protein dimerization assays. Dimerization of EGFR in MDA MB468 cells was tested 
using a moderate- strength IP lysis buffer for protein extraction to avoid disruption of 
protein complexes. Western blot detection of full-length monomeric and dimeric 
forms of the receptor separated by SDS-PAGE was performed with anti-EGFR 
polyclonal antibody recognizing the cytoplasmic domain (Thermo Scientific), and 
then revealed with anti-rabbit IgG conjugated to DyLight 680 (Thermo Scientific). 
Dimerization of a truncated extracellular region of EGFR and ErbB2 was assessed in 
vitro by incubating 1 umole of purified DII/sEGFR or DII/sErbB2 with increasing 
concentrations of NSC 2155 at 18 D C for 30 min. The reaction was quenched with 
Tris-HCl pH 8.0 for 15 min, then proteins were migrated by electrophoresis, and 
analyzed by Western blotting using anti-His antibody (Sigma Aldrich). 
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